By cyclic voltammetry at high scan rates, the electrochemical properties of RuO 2 in acidic and alkaline solutions were investigated in detail. Thirteen current peaks can be distinguished in sulfuric acid and sodium hydroxide. With respect to the pH sensitivity of RuO 2 electrodes, we considered charge calculations, peak currents, and apparent diffusion coefficients. The nature of the Ru(II) oxidation was clarified by Ru(I)−Ru(III) species.
Introduction
The redox activity of platinum metal oxides has been considered for electrolysis, electrochemical storage devices, and pH sensors [1] [2] [3] [4] . Ruthenium dioxide electrodes have been studied since the early 1970s because of the mixed electronic and ionic conductivity (35.2 ± 0.5 Ω⋅cm) [5] . Despite many attempts, the mechanisms of the electrochemical processes on a RuO 2 electrode in acidic and alkaline solutions, as well as in organic solvents, are not fully understood. Since the RuO 2 /solution interface behaves like an electric capacitor, that can be charged and discharged very quickly, we employ cyclic voltammetry [6, 7] for in-depth analysis of the redox processes in the electrode surface.
This paper considers the electrochemical behavior of thermally produced RuO 2 electrodes in acidic and alkaline solutions with special respect to the oxygen (OER) and hydrogen evolution reactions (HER) in different solutions.
Experimental

Preparation of Electrodes.
Electrodes were prepared by thermal decomposition of commercial-grade ruthenium(III) chloride hydrate (Sigma-Aldrich) on titanium supports (thermal spray pyrolysis).
(RuCl
The oxide formation takes place at a temperature of about 360 ∘ C [8] , which was verified by thermogravimetric analysis using a Netzsch 209 F1 Libra (TGA) in a platinum-rhodium crucible under oxygen atmosphere ( Figure 1 ). The mass change is determined by the evaporation of both adsorbed water and crystal water and the formation of the oxide phase.
To ensure good adhesion on titanium (thickness 0.050 mm, Ankuro Int. GmbH), the substrate was roughened and degreased with acetone. Then a slurry of RuCl 3 ⋅ H 2 O in acetone was applied to the substrate which was clamped in a coating frame with sealed recesses. After drying overnight, the heat treatment was carried out in a furnace in air at (0.4 F per real cm 2 ) in aqueous solution ( Figure 2 ). The BET surface of thermal RuO 2 powders (roughly 100 m 2 g −1 ) drops with heat treatment to less than 10 m 2 g −1 due to sintering of the particles.
Instruments and Methods.
Cyclic voltammetry was carried out with a three-electrode arrangement using a potentiostat/galvanostat (EC301, Stanford Research Systems, Inc.). A reversible hydrogen electrode (RHE) was used as the reference electrode, and a platinum sheet (12 cm 2 ) as the counterelectrode. All measurements employed 1 M H 2 SO 4 or 1 M NaOH at a constant temperature of 25 ± 0.5 ∘ C. The RuO 2 powder was characterized by X-ray diffraction (XRD, Rigaku Miniflex 600) and SEM/EDX (Stereoscan LEO 440). Figure 3 compiles the Xray diffractograms of RuO 2 , prepared by thermal decomposition of RuCl 3 ⋅ H 2 O at different temperatures. As confirmation of the thermogravimetric analysis, the generation of the (1,0,1) oxide is obvious to take place at temperatures between 300 ∘ C and 400 ∘ C. Below 300 ∘ C, amorphous RuO 2 ⋅ H 2 O is received, which contains a residual chloride. The diffraction peaks at 2Θ < 28 ∘ were attributed to chloride. Above 300 ∘ C, the rutile structure of crystalline RuO 2 appears more and more; the crystal system is tetragonal.
Results and Discussion
Characterization of Electrodes.
The main peak at about 2Θ = 28 ∘ belongs to (110), and (101) occurs at 2Θ = 35 ∘ . With rising temperature, the full width at half maximum (FWHM) drops as the diffraction peaks become sharper. Additionally, further lattice planes are formed. According to the Debye-Scherrer equation, the average size of the crystallites was calculated:
wherein is the particle size in nm, is the X-ray wavelength (Å or pm), is a shape factor, and Θ is the Bragg angle. At 500 ∘ C, the calculated particle size is approximately 14.7 nm (110) and 15.6 nm (101), respectively. The lattice constants at 500 ∘ C read the following: a = b = 450.4 pm and c = 311.5 pm. Most of the ruthenium and oxygen atoms in the bulk material are present in the crystal orientations (110) and (101), whereas (101), (111), and (100) exist predominantly on the material surface [10] . Hence, the electrochemical properties of polycrystalline RuO 2 are determined by the (110) face.
The rutile structure of stoichiometric RuO 2 (110) [11] consists of a slightly distorted octahedron with 4 equatorial and 2 apical Ru-O directions. On the surface, bridging oxygen atoms are coordinated with two Ru atoms underneath, and a Ru atom on a onefold coordinatively unsaturated site is coordinated with five oxygen atoms [12] .
The SEM/EDX measurements ( Figure 4) show the microporous powder morphology of RuO 2 and the unavoidable content of chlorine (about 5%) that is caused by thermolysis of the RuCl 3 precursor. Our previous TOF-SIMS study [13] showed residual chlorine bound in Ru-O-Cl clusters. Although the EDX analysis gives only a rough estimate of the surface, because of the limited penetration depth of the Xrays, some surplus of oxygen beyond the formula RuO 2 was observed. This is partly due to adsorbed and bound water, especially as some three-valent ruthenium is present at the surface in compositions up to Ru(OH) 3 .
The RuO 2 layer reveals an undesired particle agglomeration due to the thermal treatment at 600 ∘ C. In contrast to that, the 300 ∘ C powder exhibits particle sizes of approximately 17.8 ± 2.9 m, and a porous structure around an average pore size of 1.4 ± 0.5 m. At 600 ∘ C the particle size is about 8.6 ± 2.3 m, and the pore widths decrease to 0.87 ± 0.3 m. In particular, some small particles of the size 0.75 ± 0.4 m adhere forming agglomerates.
Over et al. [14] showed that an ultrathin RuO 2 (110) film can be formed on ruthenium exposed to oxygen. Once a nucleus has formed, it grows autocatalytically forming large domains of RuO 2 (110). Oxide growth is limited by the mass transport of oxygen and metal ions across the oxide film.
Furthermore, ruthenium is able to incorporate dissolved oxygen into the basal plane [15, 16] . In the SEM image (Figure 4 
Mechanism of Water Adsorption.
The RuO 2 surface is covered by a carpet of OH groups due to the dissociative adsorption of water followed by proton displacement [1] . Bridged oxygen is seldom the preferred adsorption site for most molecules, but it is relevant to hydrogen adsorption which results in OH groups with bridged O atoms [12] . Two sorts of hydroxyl groups are formed during anodic charging: O Br H with bridged oxygen and O ot H, which exists only on onefold coordinatively unsaturated Ru atoms; see Figure 5 . The Ru atom acts as a Lewis acid/base (electron acceptor), whereas O Br is a Brønsted base (proton acceptor).
Due to the dissociative adsorption of water, protons (or hydroxide sites) from the surrounding electrolyte can penetrate into the porous electrode. The proton exchange between RuO 2 surface and aqueous solution reads as follows [1] :
Simplified:
According to Nernst's equation the redox potential of the RuO 2 electrode depends on the pH value:
(25
whereby the thermodynamically calculated standard potential (versus the SHE) equals 0 = 0.94 V [17] .
Electrochemistry in Acidic Solution.
The cyclic voltammograms at rates up to 4000 mV/s reveal more than ten different peaks; see Figure 6 . The open circuit potential (OCP) of RuO 2 in 1-molar H 2 SO 4 was 0.92 V, in good agreement with the calculated standard potential and results of other authors (range 0.90-0.95 V) [3] . At the OCP, there is an equilibrium of Ru(IV) and Ru(III). The region 0-0.4 V can be attributed to the hydrogen sorption, which is also known from platinum [18] . As well, at RuO 2 single crystals, Hepel and coworkers [10] attributed the two peaks at 0 V and 0.24 V in 0.5 M H 2 SO 4 to the hydrogen adsorption on the surfaces (110) and (001). The cathodic reduction of RuO 2 to metallic ruthenium does not occur during cyclic voltammetry, in contrast to the platinum electrode. This was verified by SEM/EDX results which do not show any metallic ruthenium on the support. According to the mechanism in Figure 5 , the anodic peak 1 at about 26 ± 15 mV in 1 M H 2 SO 4 reflects the hydrogen adsorption on the onefold coordinatively unsaturated Ru atom.
If oxygen is present, which is the case for (110) surfaces, the second peak 2 at 143 ± 9 mV is most likely due to the hydrogen adsorption at oxygen. Hepel and coworkers [10] describe the hydrogen oxidation peaks as follows:
Peak 2:
International Journal of Electrochemistry The reduction peak 12 at 75 ± 24 mV (and a previous shoulder at 247 ± 13 mV) reflects the hydrogen sorption at RuO 2 that can already be seen at moderate scan rates of 100-200 mV/s and includes chemical and electrochemical steps. Peak 3 at about 490 ± 12 mV either may be due to the preparation of the electrode and is typical for measurements in concentrated solutions; if the 1-molar sulfuric acid is diluted to 0.1 molar, the peak disappears. The reduction peak 11 corresponds at about 333 ± 14 mV. Doblhofer et al. [3] speculated that Ru(II) might be present in the hydrogen region. We suggest that Ru(II) might be a mixed Ru(I)-Ru(III) species in a cluster ion. The assumption of Ru(III) at 400 mV is in good agreement with thermodynamic data that the conversion of Ru(III) to Ru(IV) takes place within 0.4−1.0 V. That supports the theory that any unstable oxide, only stable in highly conductive acids, might be formed in the course of the rearrangement of surface oxides. Peak 4 reflects the Ru(III)/Ru(IV) redox couple at about 756 ± 11 mV and the reduction peak 10 at about 744 ± 16 mV. Michell et al. [19] confirm 780 mV, and 750 mV was found by Doblhofer et al.
Modified notations of (9) consider that Ru(III) can be written
which leads back to (4) . Anyway, the number of exchanged protons per ruthenium atom equals z = 1. The interesting fact is the pH dependence of the equilibrium potential that can be used for a potentiometric pH sensor [1] . A screen printed RuO 2 electrode on polyester film (versus a saturated calomel reference) reveals a sensitivity of −51.2 mV/pH (pH 2-9), but unfortunately it shows a potential drift due to continuous corrosion [20] .
A screen printed RuO 2 /Ta 2 O 5 electrode (70 : 30 wt%) achieved −56 mV/pH versus Ag|AgCl (pH 2-12). So far, all pH sensors based on metal oxides suffer from hysteresis effects and interferences [21] .
Galizzioli et al. [22] concluded that roughly 6-7% of the RuO 2 particles are able to participate in the reaction and pointed to the oxygen deficiency stoichiometry of the oxide. High annealing temperatures and oxygen atmosphere lead to less Ru(III), and the amorphous regions give way to crystalline oxide.
Peak 5 at 1286 ± 15 mV follows the continuous oxidation of the RuO 2 and might be attributed either (i) to a transition state followed by further oxidation to Ru(V) [3] or (ii) to Ru(VI) as suggested by Burke et al. [23] [24] [25] . Whereas Ru(V) is considered to be instable, the existence of Ru(VI) was proved by XPS studies, RuO 2 prepared by RuCl 3 thermolysis. Ru(VI) should be stable during anodic polarization in 1 M H 2 SO 4 [26] . Recent thermodynamic calculations for ruthenium in aqueous solutions at different pH postulate solid ruthenium(V) oxide [27] , having the standard electrode potential 0 = 1.222 V (at 1.94 < pH < 2.55). This is in excellent agreement with our peak at 1286 ± 15 mV, corrected by one pH step. The corresponding reduction peak 9 occurs at 1284 ± 19 mV.
Peak 6 at about 1441 ± 4 mV and its reduction 8 at 1463 ± 4 mV in acidic solution correspond to thermodynamic calculations of Ru(VIII) in the range 1.94 < pH < 5.94 at a standard the potential 0 = 1.466 V [27] .
Further oxidation (>1.4 V RHE) results in the dissolution of ruthenium oxide as H 2 RuO 5 → RuO 4 + H 2 O, which is a known corrosion product during violent electrolytic oxygen evolution [28, 29] . At Peak 7 (about 1.6 V) the oxygen evolution reactions start.
Electrochemical Valency.
In order to distinguish between reversible and irreversible electron transfer, the redox peaks were evaluated with respect to peak current, potential, and electric charge. According to the theory of cyclic voltammetry, the potential difference is about 59 mV between the oxidation peak and the reduction peak of a totally reversible electron transfer. The peak currents for a reversible electron transfer should be identical. Table 1 compiles the calculated number of exchanged electrons of the redox process. Because of overlapping peaks it was sometimes difficult to identify the correct peak potentials. Electric charge was determined by numerical integration of the anodic branch of the cyclic voltammogram (see Figure 7) . The charge needed for the Ru(III) → Ru(IV) transition was 2014 C/cm 2 (0.5-1.0 V, geometric electrode area 1 cm 2 , roughly 0.24 C per real cm 2 ) at 100 mV/s. This value is confirmed by Doblhofer et al. who assumed 1750 C/cm 2 for one-electron change of the surface atoms [3] . Peak 1 associated with the hydrogen oxidation seems to be a reaction with poorly reversible electron passage, according to the peak current ratio between 0.76 and 0.81.
The potential of Peak 2 could not be evaluated correctly because of the overlap with Peak 1. The calculated charge between 0.055 V and 0.4 V results in a possible reaction that requires one electron. Doblhofer et al. suggested the redox reaction Ru(II) → Ru(III) for this step.
A reversible electron transfer can be postulated for Peaks 4, 5, and 6. The generation of Ru(IV) from Ru(III) according to (9) needs one electron per Ru atom. This is approximately confirmed by both the peak potential difference and the calculated charge.
The further oxidation to Ru(V) at Peak 5, related to (10), involves a one-electron transfer. The higher the potential is, the more the electrons are consumed by the oxygen evolution and oxidation of the electrode surface. Therefore, the electrons calculated vary with the two methods. Equation (11) suggests three electrons for the Ru(V) → Ru(VIII) oxidation. This is confirmed by the peak potential method, but the calculated electrons from the charge propose a oneelectron transfer reaction Ru(VII) → Ru(VIII) [24, 25] .
No matter what reaction takes part, the peak current ratios of Peaks 6 and 8 indicate a reversible electron transfer. Figure 8 shows the peak currents plotted against scan rates.
International Journal of Electrochemistry Figure 8 ). Particularly, the fast redox reactions (Peaks 2, 4, 5, and 6) involve adsorbates which cause a more or less constant interface capacitance ( p = V). On the contrary, the hydrogen adsorption reaction in Peak 1 follows p ∼ ] 1/2 , which indicates an electrode reaction controlled by diffusion. As well, oxygen diffusion plays a role in the redox reaction Ru(V) → Ru(VIII).
Apparent Diffusion Coefficients.
For a reversible reaction, which should be the case for Peaks 4, 5, and 6, the concentration of the active species is related to the peak current. According to the theory of cyclic voltammetry, the diffusion coefficient can be estimated by the help of RandlesSevčik equation at 25 ∘ C [30] : p = 2,686 ⋅ 10
wherein p is peak current (in ), A is electrode cross section (in cm 2 ), D is diffusion coefficient (cm 2 s −1 = 10 −4 m 2 /s), c 0 is bulk concentration of the solution (mol cm −3 = 1000 mol/L), and v is scan rate (V/s).
The apparent diffusion coefficients, compiled in Table 2) . At low scan rates, the mentioned redox reactions are obviously diffusion controlled in the porous electrode, whereas at fast scan rates the reaction proceeds at the electrode surface and cannot penetrate the pores. It is interesting to note that the calculated electrons for the transition Ru(III)/Ru(IV) drop from = 1 (per Ru atom) at low scan rates to = 0.8 at fast scan rates. The reverse reaction Ru(IV)/Ru(III) yields about 1600 C/cm 2 , which results in 0.8 ± 0.03 electrons for nearly all scan rates. This again gives a hint at that the electrode reactions take place at the electrode surface at fast scan rates, whereas the total active electrode area can effectively be used at low scan rates only. Fast diffusion process might be attributed to the proton at the surface of the electrode, which is directly coupled with the electronic conductivity: H 2 → 2H + + 2e − . Zheng et al. proved this proton insertion into ruthenium oxide films prepared by pulsed laser deposition [31] .
Oxygen and Hydrogen Evolution.
Peak 7 belongs to the oxygen evolution reaction. The pH-dependent OER is usually characterized by the Tafel slopes of the current−voltage characteristics [32] . The mechanism comprises the following: (i) the discharge of water molecules (acid) or OH − (alkaline) by oxidation at the surface-active sites; (ii) the intermediate OH * being converted to OH, (iii) the surface complex M(OH) 2 being oxidized; and (iv) oxygen being released by the decomposition of two M(OH)O complexes [12] .
In acidic solutions, the Tafel slope amounts to 30 mV/dec (1 M H 2 SO 4 at 30 ∘ C [33] ), 42 mV/dec (1 M H 2 SO 4 at 20 ∘ C) [34] , and 30-50 mV/dec in 0.5 M H 2 SO 4 at room temperature [35] . The Tafel slope depends on the acid concentration. The quasistationary voltammogram yields 52 mV/dec in 1 M H 2 SO 4 (25 ∘ C, pH 0.08) above 1.52 V RHE; see Figure 11 . The slope is 69.3 ± 0.2 mV/dec (>1.5 V) in 0.1 M H 2 SO 4 (pH 1.0) and 35.8 ± 0.1 mV/dec (>1.48 V) in 0.01 M H 2 SO 4 (pH 1.71) and below this potential 191.3 ± 1.3 mV/dec. Peak 14 is attributed to the hydrogen evolution reaction (HER). Our results indicate two different slopes: −72.8 ± 0.7 mV/dec at low current densities and −42.3 ± 0.1 mV/dec at high current densities ( Figure 12 ). In 0.1-molar H 2 SO 4 , the slope was −89.2 ± 0.2 mV/dec at high current densities. In the literature, −60 mV/dec and −40 mV/dec were reported for low and high current densities respectively [12, 36] . The generally accepted mechanism of the hydrogen electrode is of the VolmerHeyrovsky type:
[Ru]
Electrochemistry in Alkaline Solution.
The reactions of ruthenium oxide electrodes in alkaline solutions were studied by Burke and coworkers in 1980 [37, 38] . In 1-molar NaOH the International Journal of Electrochemistry 9 OCP of RuO 2 is 0.91 V. We found 13 peaks of interest by using fast scan cyclic voltammetry ( Figure 13 ). The first two peaks mean 1 (at 52 ± 13 mV) the hydrogen adsorption on coordinatively unsaturated Ru sites and 2 (283 ± 82 mV) the hydrogen adsorption at Ru-O, possibly Ru(II) exists. The corresponding reduction peaks are 11 at 420 ± 67 mV and 12 at ≈ 87 ± 36 mV, respectively. At 639 ± 30 mV, the transition of Ru(III) → Ru(IV) takes place (peak 3) [24, 37, 38] .
Peak 4 at approximately 1136 ± 19 mV reflects the Ru(IV) → Ru(VI) transition. Ru(V) is not likely to appear in alkaline solutions although it might be an intermediate during the formation of Ru(VI). Ru(VI) is known as ruthenate (RuO 4 2− ) in alkaline solutions [24, 27, 29] .
Peak 4 corresponds to the reduction peak 9 at 1060 ± 21 mV. This was confirmed by examinations using benzaldehyde and benzyl alcohol. Ru(VI) is able to oxidize benzaldehyde but not benzyl alcohol. Ru(VII) oxidizes both [24] . At about 1392 ± 14 mV, the striking peak 5 arises, and the reduction peak 8 at approximately 1368 ± 5 mV. This highly reversible redox reaction reflects Ru(VI) → Ru(VII). [24, 37, 38] . The existence of perruthenate (RuO 4 − ) was proved by in situ IR spectroscopy [29] . A further increase in potential leads to the oxygen evolution reaction, peak 6 at about 1462 ± 34 mV. During the OER, further transition to Ru(VIII) might take place. However, Ru(VIII) is not stable in alkaline solutions [27, 29] .
Electrochemical Valency.
Based on the Ru(III)/Ru(IV) redox couple, which requires an electric charge of approximately 2000 C/cm 2 for = 1 transferred electron (per Ru atom), the values in Table 3 were calculated. It is interesting to note that the calculated electrons for Peak 1 in alkaline solution differ from those in acidic solutions. There is evidence for a one-electron transfer, but the peak current ratio suggests a highly irreversible electron transfer. We conclude that Peak 1 is the hydrogen adsorption reaction on the coordinatively unsaturated Ru atom. The calculated electrons at Peak 2 are most surprising in the range between 1.1 and 2.8. This might be a hint at the formation Ru(II) in alkaline solutions; possibly a surface species "Ru(OH) 2 " is able to directly bind hydroxyl ions. The peak current ratios give evidence for a reversible electron transfer, especially at fast scan rates.
The conversion of Ru(III) to Ru(IV) is known to be a highly reversible reaction. The difference of the peak potential indicates a one-electron transfer reaction as has been assumed by many authors [3] . The charge calculations give hints that ≈ 1.5 electrons (or protons or rather hydroxide ions) are involved per Ru atom. Burke and Healy [24] suggested therefore the following reaction:
Regardless of whether 2 mC/cm 2 is consumed by one, 1.5, or two electrons, the peak current ratio shows a high reversibility. Closer examination of the Ru(IV)/Ru(III) peak 10 shows a two-electron transfer reaction at low scan rates, and a one-electron transfer at high scan rates. It is striking that the calculated electrons give exactly = 2 (<300 mV/s), = 1.5 at 300 mV/s, and z = 1 (>300 mV/s). Obviously, a slow and a fast step is involved in the Ru(III)/Ru(IV) transition.
As expected peak 5, the Ru(IV) → Ru(VI) reaction, involves 2 electrons and shows high reversibility.
Peak 6 is the transition of Ru(VI) → Ru(VII). Higher oxides are more stable in alkaline solution than in acids, and this peak only appears at this alkaline pH [39] .
Chu et al. [4] demonstrated the presence of two types of water monolayers having different densities at the RuO 2 (110)−water interface in 0.1 M NaOH. At potentials close to the OER, external water molecules and surface hydroxide form a bilayer with O-H-O bond distances similar to that of ice ( Figure 14) .
The oxygen evolution 6 is followed by the reduction peak 7. This shoulder in the voltammogram is caused by the Ru(VIII) → Ru(VII) transition. Thermodynamic calculations for (19) result in the potential 0 = 1.678 V (11.53 < pH < 14.00), so that this transition most likely takes place during the OER.
Peak Currents.
With respect to the correlation between peak current and scan rate (Figure 15 ), peak 1 could not be evaluated correctly at fast scan rates due to overlap with peak 2. In alkaline solution, the so-called hydrogen adsorption might result from the high hydroxide concentration rather than from hydrogen or hydronium ions. Peak 2 shows p ∼ ] 1/2 at fast scan rates (>500 mV/s) and p ∼ ] at low speed. The similar properties of Peak 2 and Peak 3 might indicate a more or less stable species in alkaline solutions, that is, Ru(II) or a mixed species of Ru(I) and Ru(III). We propose these species based on the calculated number of transferred electrons (Table 3) . Ru(II) is known in complexes, especially such containing chloride ligands. Mercer and Buckley [40] 
2+ in aqueous solution by electrolytic reduction of Ru(III). The oxidation state was verified by coulometry and titration with triiodide, which might be a coincidence, the potential of peak 2 in acidic solution (143 ± 9 mV) is half that in alkaline solution (283 ± 82 mV), where Ru(II) forms stable hydroxospecies in contrast to a cluster ion in acids. Peak 4 and Peak 5 obey roughly p ∼ ]. Peak 5 involves the adsorption of external water molecules.
Apparent Diffusion Coefficient. According to RandlesSevčik equation at 25
∘ C, the apparent diffusion coefficients are compiled in Figure 16 . The redox couples Ru(II)/Ru(III) and Ru(VI)/Ru(VII) behave similarly during the oxidation. Table 3 : Calculated electrons for each redox reaction using peak potential differences and calculated charges at different scan rates in 1 M NaOH. For details, compare with Table 1 The diffusion coefficients of Ru(III)/Ru(IV) and vice versa behave differently, so that the apparent diffusion coefficient is higher in alkaline solution than in acid solution; see Table 2 . This can be explained by a stronger oxide growth in alkaline solution due to the formation of more permeable and crystalline deposits [39] .
Oxygen and Hydrogen Evolution.
The oxygen evolution reaction [23, [41] [42] [43] in 1 M NaOH can be divided into two regions. The Tafel slope amounts to (i) 93 mV/dec below 1.5 V and (ii) 42 mV/dec above 1.5 V; see Figure 11 . Two different slopes were also observed during the hydrogen evolution reaction in 1 M NaOH. In the literature, 30-60 mV/dec and 120 mV/dec can be found for steady-state measurements [12] . Two different slopes were also observed for the hydrogen evolution reaction: (i) 40-50 mV/dec at low current densities and (ii) 230-240 mV/dec at high current densities [12] . The different slopes suggest a change in the reaction regime depending on current [12] .
Conclusion and Outlook
This paper gives a comprehensive overview on the redox electrochemistry and voltammetric behavior of ruthenium dioxide, which cannot be found in detail in the literature. For the first time, all the 13 voltammetric peaks were assigned to a consistent set of electrode reactions both in acid and in alkaline solution. A most illustrative mechanism for the dissociative adsorption of water that causes the redox activity of RuO 2 is given in Figure 5 . (1) Under fast scan rates up to 4000 mV/s, 13 peaks were identified in acidic and in alkaline solution, which reflect the high reversibility of RuO 2 . The underlying electrode reactions were compiled for each peak with respect to the more recent literature and our own observations. The peak current of most peaks, especially the Ru(III)/Ru(IV) transition, increases with rising scan rate V which is due to the capacitive properties of the metal oxide surface (I = Cv). Diffusion controlled processes that cause a nonlinear function I ∼ v 1/2 were observed for the hydrogen sorption.
(2) Below 0.4 V RHE, in the "hydrogen adsorption region," the dissociate adsorption of water takes place, whereby Ru-OH species are formed. In the hydrogen region, Ru(II) or a mixed species Ru(I)−Ru(III) is likely to be present, which we proved by the help of voltammetric charge. In alkaline solution, the aqua complex [Ru(
2+ seems reasonable (283 ± 82 mV) according to our results, whereas in the solid material a mixed-valent hydroxospecies is likely to be.
(3) Above 0.4 V RHE the ruthenium surface passes through the oxidation states III → IV → V → VIII in acids and III → IV → VI → VII → (VIII) in alkaline solution. We found that the electrochemical valency is different in alkaline and acidic solution; therefore, the redox processes cannot be written with general equations for any pH value.
(4) The Ru(III)/Ru(IV) couple is involved in a oneelectron electron transfer (per Ru atom). Hints at z ≈ 1.5 suggest complex cluster species. Simplifying, we propose a species Ru(OH) 3 ⋅RuO 2 that is present at the electrode surface and explains the oxygen surplus found in the EDX analysis.
(5) The diffusion coefficients according to Randles-Sevčik equation allow distinguishing pore diffusion at low scan rates from rapid surface diffusion of adsorbates at fast scans. On the other hand, these values show that diffusion coefficients deduced by CV peaks must be treated with caution, especially at high scan rates. RuO 2 is known for its high pseudocapacitance [13] , C = dQ/dE, which results from large potential gradients across the oxide-electrolyte interface. Therefore, we suggest evaluating the inflexion points in Figures 9 and 15 with respect to a change of mass transport. At low scan rates, diffusion is able to penetrate into the depth of the porous material, whereas fast scan rates just allow doublelayer charging at the electrode surface. We conclude that the proton is fast enough to take part in the redox reaction Ru(III)/Ru(IV), even above 1000 mV/s without significant limitation by diffusion. Once adsorbed hydrogen or oxygen species are involved, the slope dD/dv gets smaller, and the inflexion point lies at a far lower scan rate. Summarizing, a constant diffusion coefficient was not found even in the voltper-second range. 
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